In this study, we aimed to clarify comfortable lighting locations (on both the wall and ceiling) for office work. To this end, we measured brain activity using fNIRS during arithmetic and copying tasks for various lighting locations in a simulated office space, and had participants provide subjective evaluations of these lighting conditions. There were four main results: (1) for the subjective evaluations, we observed no differences in impressions according to lighting condition. (2) The cerebral blood flow in the "wall" condition was significantly lower than that during the "ceiling" condition. (3) Changes in oxy-HB concentrations were found to differ according to condition even when task performance was the same. (4) For cognitively demanding tasks, the walls-only lighting condition seems to be the most comfortable environment. Conversely, for tasks requiring little concentration, the environment seemed most comfortable by having the lighting on the walls be brighter than that on the ceiling.
INTRODUCTION
Organic light emitting diode lighting (hereinafter called OLEDs) are illumination devices that apply voltage to organic material. OLEDs are believed to be the next generation of illumination devices for lighting rooms, succeeding incandescent, fluorescent, and LED lights. OLEDs have a lower environmental impact (e.g., generate little heat and save power) and can be placed various areas (e.g. wall) because they are soft, weightless, and thin. As a result of these benefits, OLEDs are expected to become increasingly popular in offices. However, at present, illumination is mainly emitted from the ceiling in most offices, and previous studies on the effects of lighting and what constitutes a comfortable lighting environment have examined only environments with such ceiling lighting. Accordingly, in order to use OLED in lighting environments effectively, it is necessary to study the effects of lighting locations other than the ceiling.
In previous studies, researchers examined the lighting environments of various spaces with different purposes (e.g., museums [1] [2] [3] , living rooms [4], and stores [5]), whereas others determined what constituted a comfortable lighting environment for office spaces by creating simulated offices and having participants engage in office work therein [6, 7] . Simulating real spaces and work might be essential for obtaining results similar to real environments and clarifying comfortable lighting environments. Researchers have used several objective indices to measure comfort and physical fatigue in various lighting environments. For example, they have employed flicker values, the distance of near points [8, 9] , and brain activity [10] during visual tasks, along with heartbeats and brain activity for impression evaluations of lighting environments [11, 12] . More specifically, brain activity measurements using near infrared spectroscopy (NIRS) have been used for both task assessment and impression evaluations. For instance, Handa et al. examined the correlations between subjectively-evaluated comfortable lighting conditions and brain activity measured via functional NIRS (fNIRS) and found that oxygenated hemoglobin (oxy-HB) concentration in the prefrontal cortex (PFC) increased when participants looked at light that was rated as uncomfortable [13] . Hence, brain activity measured via fNIRS would be useful for investigating comfortable lighting environments for office work. Furthermore, the PFC respond to the stress via the neuroendocrine and autonomic centers in the medial hypothalamus [14, 15] . Autonomic nervous system (ANS) responds to stress, and the sympathetic nervous system and/or the parasympathetic system regulates the activation of bodily functions (e.g., cardiovascular, respiratory, gastrointestinal, renal, endocrine) [16] . In the previous studies, it was suggested that a variety of physiological responses which make it possible to estimate the autonomic responses correlated with the changes in the oxy-HB concentrations measured by the fNIRS [17, 18] . Especially, Pinti et al. revealed increased oxy-HB concentrations in the prefrontal cortex, decreased lower temperature of nose tips in the task phases and taskmodulation of the VLF components of both fNIRS and fIR (temperature of nose tip) signals, and strong correlation between them [18] . Additionally, stress (or negative affect) stimuli (or tasks) of visual, auditory, and olfactory senses increase oxy-HB concentrations and relaxation (or positive affect) decrease these [19] [20] [21] [22] [23] . Thus, we defined increase/decrease in oxy-HB in the PFC using fNIRS as indices which predict physiological stress/ relaxation of subjects based on these findings.
In this study, we clarified comfortable lighting locations (including both wall and ceiling lighting) for office work. This was done by measuring brain activity via fNIRS during task performance and subjective evaluations of lighting conditions in a simulated office space. This study gave knowledge that concerning with the effects of wall-mounted lightning to the studies of comfortable lighting environment.
METHODS

Experimental environment
Six OLED panels (50-cm square, made by KONICA MINOLTA, INC.) were placed in the center of the ceiling, another six on the front wall, and two on each side of the wall (Figure 1 ). The height of the wall panels was set to three meters from the floor. We created four conditions based on the illuminance of the wall and ceiling panels ( Table 1 ): in the "ceiling condition," only the ceiling was lit; in the "ceiling > wall condition," the illuminance of the ceiling was greater than that of the wall, whereas in the "ceiling < wall condition," the wall had the greater illuminance; finally, in the "wall condition," only the wall panels were lit. Illuminance of 500 lx in the rooms for visual tasks is considered good [24] . Therefore, we standardized the illuminance of the desk close to 500 lx.
Subjective evaluations
Subjects evaluated each illuminance condition before and after performing the tasks. The subjective evaluation items were "friendly," "workability," "concentration," "comfortable," and "brightness." These are suitable and commonly used items for evaluating perceptions of lighting environments [25] [26] [27] [28] [29] . Subjects rated each item on a five-point scale with answer options of "very applicable," "applicable," "neutral" "not applicable," and "not at all applicable."
Brain activity measurements
We considered changes in the oxy-HB concentrations as brain activity because it has the most sensitive response to cerebral blood flow [30] and is strongly correlated with BOLD signals using fMRI [31] . We used LIGHTNIRS (Shimadzu Corp.) to indicate changes in the oxy-HB concentrations using topographical maps in order to measure this. We connected subjects to the LIGHTNIRS, and measured brain activity across 22 channels in the prefrontal cortex ( Figure 2 ) while the subjects performed the tasks. 
Tasks
There are a number of different office tasks, some of which are cognitively demanding and some of which are not. In order to simulate office work, we employed two types of task: arithmetic, which is relatively cognitively demanding, and copying, which can be done relatively automatically.
In the arithmetic task, we used a slightly modified version of the Uchida-Kraepelin psychodiagnostic test, and instructed subjects to solve as many questions as possible. In these questions, various random numerals were arranged in a single line on the paper; participants were asked to add the two figures on the left-most extreme of the line. If the sum was a double-digit figure, the first digit was written on an answer sheet. This summed figure was then added to the subsequent figure in the line, and this process was repeated over 30 seconds ( Figure 3 ). If they reached the end of the line of figures, their answers became a new line, and they repeated the calculations.
In the copying task, subjects simply copied various sentences in Japanese and English, and were instructed to write clearly so that they can read it back later.
Procedure
Subjects were twelve office workers in their 20s and 30s (six male and six female). The experiment procedure is outlined in Figure 4 . First, subjects were exposed to each luminance condition so that they could evaluate all of them. After the evaluation, they were outfitted with the LIGHTNIRS to measure their brain activity during the tasks, and were instructed on how to perform the arithmetic task. They performed practice calculations before the actual trials began. Following this practice, they rested with their eyes closed for 15 seconds, and the illumination conditions were switched during this period. When they opened their eyes, they rested for 20 seconds and performed the arithmetic task for 30 seconds. Subsequently, they rested for another 20 seconds. During the 20-second rest periods, they looked down at a viewpoint opposite them on the desk ( Figure 6 ). Participants repeated the arithmetic task three times for each condition, with 20-second rest periods in between the trials (Figure 5(a) ). In the copy task, which began only after completing the arithmetic task in its entirety used the same structure. In the copy task, the language order (Japanese and English) was randomized, and two trials were conducted per language, for a total of four trials per condition ( Figure 5(b) ). After completing both tasks, subjects removed the LIGHTNIRS and again gave their impressions of each illumination condition. 1 and 4) were added, yielding a sum of 5. This 5 was then added to 7 (the next figure in the line). Thus, "2" was written on the answer sheet because the calculation rule was to write the first digit when the sum was a double-digit figure. These calculations were repeated. 
Evaluation scores for each illuminance condition before and after tasks
We calculated the mean evaluation scores for all subjects for each item and condition between before and after the task (Figures 7 and 8) . We then compared these scores using one-way analyses of variance, and could not find significant differences in any condition. Additionally, most of the absolute values of the mean scores were less than 1.0, while the standard deviations were rather large. Taken together, the impressions did not appear to differ much between the conditions either before or after the tasks.
Arithmetic task performance
We averaged the number of answers of eleven subjects in each condition using the total number of answers for all three trials of the arithmetic task. In this task, one incorrect answer affects the other answers. In order to avoid this, we counted only the miscalculations. Moreover, we divided the incorrect number of answers by the total number of answers of all subjects to calculate the rate of incorrect answers. The rate of incorrect answers was found to be close to 0.01. The maximum incorrect answer rate of each subject in each condition was 0.06. Hence, we interpreted incorrect answers as slight error and have shown the mean number of total answers in Figure 9 . One subject was excluded because he performed differing calculations from the instructions. Furthermore, measured changes in the oxy-HB concentration for all trials during the tasks were combined and averaged for eleven subjects, and noises under 0.1Hz were removed by low-pass filtering. Another subject was excluded at this point because the LIGHTNIRS slipped during measurement of brain activity. The changes in the oxy-HB concentrations are visualized using topographical maps. We analyzed brain activities using these maps. Red hue indicates an increase, green hue indicates no changes, and blue hue indicates a reduction of oxy-HB concentrations (Table 2) . Therefore, more colors close to red hue indicate higher brain activity. By contrast, more colors close to blue hue indicate lower brain activity.
The results showed that the number of correct answers was the highest in the "ceiling < wall" and "wall" conditions. However, interestingly, the brain activity results showed that for the arithmetic task, brain activity tended to be calmest in the "wall" condition and most active in the "ceiling < wall" condition. This indicates that, even when performance is the same, brain activity can differ according to lighting condition. In the previous study, it was found that when participants looked at light that was rated as uncomfortable, oxy-HB concentration increased [13] . Thus, although both the "ceiling < wall" and "wall" conditions had high mean numbers of correct answers, the "wall" condition appeared to be more comfortable than the "ceiling < wall" condition.
Copy task performance
We calculated the mean number of copied words of all subjects in each condition using the total number words of the four trials of the copy task (English was counted in words, and Japanese was counted in characters). We divided the total number of misspellings by the total number of copied words for all subjects to calculate the rate of misspelling. The misspelling rate was found to be close to 0.01. The maximum misspelling rates of each subject in each condition was 0.06. Hence, we interpreted misspellings as slight error, and the mean number of total copied words is shown in Figure 10 . Furthermore, changes in oxy-HB concentrations were measured using the same method as the arithmetic task and visualized using topographical maps (Table 3) .
There were evidently greater numbers of copied words in the "ceiling < wall" and "ceiling" conditions. The brain activity results indicated that, during the copy task, the brain was calmest in the "ceiling < wall" condition and most active in the "ceiling" condition. This again suggests that brain activity can differ according to condition, despite equivalent performance (as in the arithmetic task). Furthermore, the results suggest that the "ceiling < wall" condition more comfortable than the "ceiling" condition.
Compare ceiling with wall lighting through brain activities
We calculated the differences in brain activity (mean of eleven subjects during each task) between the "ceiling" condition and the other conditions to clarify how the wall lighting influences brain activity in comparison to typical office lighting. In particular, we subtracted the measured changes in the oxy-HB concentration for all trials during the tasks of the "ceiling" condition from that of the other conditions. We averaged these difference values for each condition for eleven subjects. In addition, we removed noises using the same method as mentioned above. These results are shown using topographical maps (Table 4) . As a result, we found that cerebral blood flow in the "wall" condition was clearly reduced for both tasks.
DISCUSSION
The result of the subjective evaluations revealed no differences between the conditions. In a previous study, subjective evaluations of comfortable lighting were found to correlate with brain activity measured via fNIRS [13] . However, in this study, impressions of comfort were similar in each condition. Since the brain activities differed between the conditions in this study but the subjective impressions did not, our results appear to contradict the earlier findings. A possible reason is that the type of lighting used for the experiments differed. In the previous study, a variety of lighting types were compared (fluorescent lighting, edge-lit LED panels, and direct-lit LED panels). By contrast, we compared ceiling-with wall-mounted panels of only a single illumination device. Thus, we suspect that there would be little difference in subjective evaluations between conditions of the same lighting type. By contrast, we found that changes in the oxy-HB concentrations differed notably according Figure 10 : The mean number of total copied words in the copy tasks by 11 subjects
We excluded result of one subject because he continued same language three trials. to the location of the lighting, even when the lighting type is the same. In a previous study, researchers found that looking at an uncomfortable light led to increased oxy-HB concentrations in the brain [13] . Thus, while subjective evaluations did not differ between lighting locations, physiological responses do seem to respond to whether the lighting is comfortable or not.
Regarding the results of the tasks, we found that during the arithmetic and copy tasks, oxy-HB concentrations in the PFC in the "wall" condition was lower than that during the "ceiling" condition. In previous studies, stressors lead to an increase in oxy-HB concentrations and relax stimuli lead to a decrease in these [19] [20] [21] [22] [23] . The PFC supports the working memory process [32] and remains active during stress through the ANS [14, 15] . Furthermore, the temperatures of nose tips, which make it possible to estimate autonomic responses, correlated with changes in the oxy-HB concentrations in the PFC measured by fNIRS [18] . These results are on the basis that increase/ decrease in oxy-HB measured using fNIRS are defined as indices which predict physiological stress/relaxation. Our results showed that oxy-HB concentrations increase during the tasks in all conditions. However, the fact that oxy-HB concentration with wall lighting decreased compared to that with lighting located on the ceiling suggests that the subjects spend less bioenergy in the wall lighting. Thus, we interpreted this as follows: subjects tend to feel more comfortable (restraining stress) with wall lighting than the lightings located on the ceiling. Hence, it is suggested that the wall lighting helps in providing a more comfortable lighting environment. It is assumed that one of the reasons for this is that the wall lighting seemed like a window. Some subjects stated that the wall lighting seemed like a window. Usually, in regular rooms, windows are located on a wall and take in the outdoor daylight. In previous studies, exposure to daylight for least 3 h a day led to less stress at work [33] . Viewing nature through the window is known to reduce nervousness or anxiety [34] . Furthermore, windows increased the evaluations of impression and mood (especially, "spaciousness" and "willingness to work") at workspace [35, 36] . Hence, we interpreted this as follows: wall lighting gave an illusion of a window. Subjects perceived wall lighting as more natural than that on the ceiling. Natural lighting reduced stress and restrained brain activations of the subjects. In addition, we also found that oxy-HB concentrations differed according to condition, even for the same tasks. In the arithmetic task, the "wall" condition was more comfortable than was the "ceiling < wall" condition, even though both conditions had high mean numbers of correct answers. Similarly, in the copy task, the "ceiling < wall" condition might have been more comfortable than the "ceiling" condition. Accordingly, to ensure a comfortable lighting environment, it necessary to use different illumination conditions according to the nature of the task: First, lighting only walls seems best for cognitively demanding tasks (e.g., calculation). Conversely, lighting the ceiling and walls (and making the walls brighter) may be more appropriate for tasks that are not cognitively demanding (e.g., copying sentences).
CONCLUSION
In this study, we examined the differences in task performance, subjective evaluations, and brain activity (using fNIRS) between various OLED locations. There were four main results: (1) The subjective evaluation results revealed no differences between the lighting conditions. (2) The cerebral blood flow in the "wall" condition was lower than that in the "ceiling" condition for both the arithmetic and the copy tasks; in other words, the results indicated that placing OLED devices on the wall helped to improve feelings of comfort during tasks compared with devices located only on the ceiling (which is common in office spaces). (3) Changes in the oxy-HB concentrations were found to differ according to condition even when task performance was the same.
(4) For cognitively demanding tasks, the walls-only lighting condition seems to be the most comfortable environment. Conversely, for tasks requiring little concentration, the environment seemed most comfortable by having the lighting on the walls be brighter than that on the ceiling.
It might be possible to obtain the results of this study in an actual office space by using same luminance of OLED panels as used in this study. Furthermore, we expect that wall lighting can act as a window in windowless spaces such as the cellar since it was perceived as a window.
Hence, the results of this study could provide further knowledge regarding environmental design of office spaces and can help inform how to change lighting design depending on the task and work environment. The mechanism of these results should be examined in the future.
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